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Abstract
Acceleration of the universe might be driven by a continuous elastic medium – elastic
dark energy (Bucher and Spergel 1999). Elastic dark energy can stably support equations
of state with pressure to energy ratio w ≡ p/ǫ > −4/3. Stable expansion with w < −1
combined with an assumption of “reheating of elastic energy” leads to exotic possibili-
ties such as Expanding Cyclic Universe – an ever-expanding universe with periodically
repeating inflationary epochs.
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I. INTRODUCTION
According to observations (see [1] and references therein) dark energy has pressure to
energy ratio w ≡ p/ǫ ≈ −1. During inflation one must also have w ≈ −1. It is therefore
natural to assume that the current epoch is the beginning of the new inflationary period. If
this new inflation is to repeat the previous one, the dark energy density must grow, which
requires w < −1. Equations of state with w < −1 are allowed by an elastic medium.
Relativistic elastic continuous medium can be responsible for both the current acceleration
of the universe [2] and for inflation [3]. Elastic dark energy can be stable for −4/3 < w < 1.
Assume that w is slightly smaller than −1 during the current epoch. Then the dark energy is
slowly growing, while matter and radiation are rapidly diluted. The sub-horizon universe will
become homogeneous and isotropic almost everywhere. When elastic energy becomes too
large, inflation might be terminated by reheating, when most of elastic energy is converted
into radiation. A small amount of elastic energy remains, and after a while elastic energy
will come to dominate, and a new inflationary period will commence. This is similar to
the cyclic picture (see [4] and references therein), although in our model the universe keeps
expanding at all time.
Unfortunately, we have nothing to say about the naturalness of elastic inflation, that is
why w ≈ −1 if any −4/3 < w < 1 is theoretically allowed. The assumption that elastic
reheating converts nearly all, but not all elastic energy into radiation is also highly unnatural.
Still, the theoretical possibility of a stable medium with w < −1, and the related possibility
of an Expanding Cyclic Universe seem worth noting.
We describe the equation of state and stability of relativistic elastic medium in §2. A
model of an Expanding Cyclic Universe is discussed in §3. We summarize in §4.
II. ELASTIC MEDIUM
Continuous elastic medium is a collection of time-like world lines filling space-time. Elas-
tic energy density is an arbitrary function of spatial distances between neighboring world
lines (see [2] and references therein). The cosmological perturbation theory of an elastic
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medium has been developed in [2, 3]. For our current purposes, it is sufficient to consider
subhorizon perturbations. If the subhorizon perturbations have propagation speeds ∼ 1,
gravity will not affect the subhorizon stability. The super-horizon evolution is included in
the calculation of elastic inflation [3] and will not concern us here. The elastic energy-
momentum tensor is written down in [3], here we use the results of that paper without
further references.
The subhorizon perturbations are longitudinal (scalar) and transverse (vector) sound
waves. Let cs be the speed of scalar sound of the elastic medium, and cv – the speed of
vector sound, ǫΛ – the elastic energy density, pΛ – the elastic pressure. The unperturbed
equation of state of elastic medium, relating the change of energy and pressure in a uniformly
expanding universe, reads
dpΛ
dǫΛ
= c2s −
4
3
c2v. (1)
The subhorizon stability and causality require
0 < c2s < 1, 0 < c
2
v < 1. (2)
These requirements constrain elastic equations of state. Assuming, for simplicity, constant
sound speeds, we get a possible range of pressure to energy ratios
−
4
3
< w < 1. (3)
We are mostly interested in the case w ≈ −1. Then perturbations of the energy-
momentum tensor of elastic medium are very small (perturbations of T µν = Λδ
µ
ν are equal to
zero). The gravitational interaction of elastic medium with normal matter are then negligi-
ble. We also assume that there are no other interactions.
III. EXPANDING CYCLIC UNIVERSE
Consider a model universe consisting only of elastic medium (energy ǫΛ, pressure pΛ =
wǫΛ, with w close to but less than −1) and radiation (energy ǫr, pressure pr = ǫr/3). A
realistic model, with late-time matter domination can be built in a similar way. The heart of
the problem – the reheating of elastic energy – is not affected by this simplifying assumption.
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The evolution of elastic universe with radiation is given by the following Friedmann
equations (flat FRW):
ǫ˙Λ = (−3w − 3)HǫΛ − F (ǫΛ, ǫr), (4)
ǫ˙r = −4Hǫr + F (ǫΛ, ǫr), (5)
M2P lH
2 = ǫΛ + ǫr. (6)
Here H is the Hubble constant, MP l is the Planck mass, F is the reheating rate.
The system (4-6) has equilibrium points
(−3w − 3)HǫΛ = 4Hǫr = F (ǫΛ, ǫr). (7)
For some reheating rates, the equilibrium points might be unstable. Then (4-6) can have a
limit cycle solution. Starting from an arbitrary initial condition, the system approaches the
limit cycle. On the limit cycle, the solution is periodic as described in the introduction: (i)
inflation is terminated by reheating, (ii) reheating leaves behind a trace amount of elastic
energy, (iii) elastic energy finally comes to dominate, initiating a new inflationary cycle.
IV. DISCUSSION
Elastic Dark Energy can have an equation of state with w < −1. This may allow a
growth of elastic energy, which may lead to a new inflation and big bang.
Acknowledgments
This work was supported by the David and Lucile Packard Foundation.
[1] Y. Wang, M. Tegmark, “New dark energy constraints from supernovae, microwave background
and galaxy clustering”, astro-ph/0403292
[2] M. Bucher, D. Spergel, Phys. Rev. D 60, 043505 (1999)
[3] A. Gruzinov, “Elastic Inflation”, astro-ph/0404548
[4] P.J. Steinhardt, N. Turok, “The Cyclic Model Simplified”, astro-ph/0404480
4
